absorber, converting light into free electrons and holes that are thermodynamically able to drive the splitting of water or other desired reactions, while the noble metal cocatalysts lower the activation energy of the underlying elementary reaction steps and improve the kinetics in terms of conversion and selectivity.
The restriction of photocatalysts to inorganic semiconductors, however, is neither inherent nor fundamental. Already in the 1980s, it was demonstrated that oligomers and polymers of p-phenylene under illumination with UV light could catalyze the reduction of protons to hydrogen in the presence of a sacrificial electron donor. [5] [6] [7] However, the demonstration in 2009 that carbon nitride catalyzes both the reduction of protons in the presence of
Introduction
Photocatalysts that split water into molecular hydrogen and oxygen when illuminated are typically inorganic crystalline semiconductors, [1] [2] [3] [4] often combined with noble metal nanoparticles as cocatalysts. The inorganic semiconductor acts as light
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a sacrifi cial electron donor and the oxidation of water in the presence of a sacrifi cial electron acceptor [ 8 ] kick-started the fi eld of polymeric photocatalysts in earnest. It spurred on the discovery of a whole range of (co-)polymers that could do the same and better. Recently, for example, the fi rst example of overall water splitting with a polymer photo catalyst, a carbon nitridecarbon nanodot heterostructure, was reported with 2% quantum efficiency. [ 25 ] Interestingly, in the latter example no noble metal cocatalyst was used, while also other authors found that polymers can display photo catalytic activity in the absence of (noble metal) cocatalysts [ 20, 29, 30 ] or in the presence of metal nanoparticles but with any potential activity of these nanoparticles inhibted 
where both red-ox half reactions are written in line with convention as reductions, and where the latter half reaction ( 2) runs in the opposite direction to that written above, i.e., as an oxidation rather than a reduction. In practice, many experimental studies do not investigate overall water splitting but only consider the ability of a polymer to drive one of the half reactions above, e.g., only hydrogen evolution. Such studies use a sacrifi cial electron donor (SED) or sacrifi cial electron acceptor (SEA) to provide or accept electrons and to uncouple the studied half reaction from its natural counterpart. An example of a commonly used SED is triethylamine (TEA), while Ce 4+ salts are commonly used as SEAs. Other processes where energy rather than molecular orbital (HOMO, top of the valence band in a periodic crystal perspective) to the lowest unoccupied molecular orbital (LUMO, bottom of the conduction band) and excitons, excited electron-hole pairs, are formed. Such excitons can subsequently dissociate into free electrons and holes (where "free" refers to the fact that they are not bound together as part of excitons) through the supply of additional energy, the exciton binding energy. These free charge carriers can drive redox reactions, see below, but also re-form excitons in a process commonly referred to as electron-hole recombination. Both free charge carriers and excitons can also become trapped on a part of the polymer, with the structure of the polymer distorting around the free charge carrier or exciton. Excitons, fi nally, can decay at any stage back to the ground state via fl uorescence/phosphorescence, the emission of light, or via internal conversion, a dark nonradiative route, where the excess energy is dissipated in the form of phonons (atomic vibrations).
by adsorbing carbon monoxide. [ 24 ] Besides their promising activity, polymeric photo catalysts also have the advantage of being based on earth abundant elements, especially for those systems that do not require a noble metal cocatalyst, and the fact that their properties can easily be tuned by copolymerization. [ 11, 24, 31 ] In part because of their relative novelty, many (fundamental) properties of polymeric photocatalysts are, as yet, not very well understood. For example, there are many more polymers reported in the literature that can reduce protons than polymers that can oxidize water, and even fewer that can overall split water, raising the question whether this is the result of thermodynamic limitations or kinetic issues. There is also little known about how excitons dissociate into free electrons and holes, taking into account that such excitons are assumed to be more strongly bound in polymers than inorganic materials, and how polymer "length" infl uences its activity. Finally, nearly nothing is known about the underlying reaction mechanism(s). In this article, we will review what one can learn about such questions from computational modeling of polymer photocatalysts, focussing on examples from work from our group [ 24, 29, [32] [33] [34] and our experimental collaborators at the University of Liverpool: the groups of Prof. Andrew Cooper and Prof. Dave Adams. [ 24, 29, 32 ] We will start, however, with a brief introduction to the physical chemistry of photocatalytic water splitting.
Primer into the Physical Chemistry of Photocatalytic Water Splitting
When a polymer absorbs light of an energy larger than its optical gap (also commonly referred to as the absorption onset), electrons get excited from the highest occupied electrons is transferred to molecules (water) in solution (Föster and/or Dexter energy transfer) are unlikely to be directly relevant in the case of water splitting due to the large optical gap of water (>7 eV).
For a polymer to act as a water splitting photocatalyst, it should at least be thermodynamically able to provide electrons and holes to drive both red-ox half reactions discussed above. This can be analyzed in terms of the potentials associated with the water splitting half reactions and those associated with free charge carriers and excitons in the polymers. [ 33 ] The half reactions for the free charge carriers and excitons are 
where P is the neutral polymer, P* the polymer with an exciton localized on it, and P + and P − the polymer with a hole in its valence band and an excess electron in the conduction band, respectively. The potential of half reaction ( 3) is often referred to as the polymer's ionization potential (IP) or the energy of the HOMO (or valence band maximum, VBM), while the potential of half reaction ( 4) is commonly referred to as the polymer's electron affi nity (EA) or the energy of the LUMO (or conduction band minimum, CBM). The potentials ( 5) and ( 6) associated with the exciton can in analogy be labeled as EA * and IP * . For water splitting to be exergonic in the presence of a polymer photocatalyst, the IP/EA* and EA/IP* potentials should straddle the water splitting half-reaction potentials (see Figure 1 ). This constraint enforces that for both the oxidative and reductive parts of the overall water splitting reaction, the net potential or driving force (IP/EA* -E O x and E Red -EA/IP * , respectively) is positive and that the associated Gibbs free energy difference in both cases is negative.
The activity of a polymer for water splitting will not only depend on the driving force provided for both half reactions but also on the rate of photon absorption and thus exciton generation, the rate of exciton loss due to dark de-excitation and fl uorescence/phosphorescence, the rate of exciton dissociation/recombination, the rate of electron and hole transfer to adsorbed molecules or cocatalysts, the wettability of the surface and the degree to which water will preferentially adsorb on the photocatalyst surface, and the kinetics of the elementary reaction steps. Under any given reaction and material preparation conditions (light spectrum & intensity, polymer particle-size, etc.) one of the terms is likely to dominate (control) the overall hydrogen and/or oxygen evolution rate. These different terms and associated parameters are also not fully independent. For example, reducing the optical gap to increase the rate of photon absorption, inevitably also means decreasing the driving force for one or both of the half reactions.
Insight from Computational Modeling
In the remainder we will discuss insights into polymer photocatalysts for water splitting from computational modeling, focussing on examples from work from our group. [ 24, 29, [32] [33] [34] Except where explicitly stated otherwise, all calculations discussed below are based on a combination of density functional theory (DFT) and time-dependent DFT (TD-DFT), and use the B3LYP [35] [36] [37] [38] density functional. The effect of the dielectric environment in which the polymer is embedded, critical for prediction of realistic polymer potentials, is modeled using the COSMO dielectric screening model [ 39 ] and generally a relative dielectric permittivity of 80.1, i.e., water (see Section 1 of the Supporting Information for more details).
Exciton Dissociation
Commonly, when studying photocatalysis, people only focus on processes involving free charge carriers (i.e., half reactions ( 3) and ( 4) above), implicitly assuming that excitons spontaneously dissociate and that the exciton binding energy is negligible. While this is a fair assumption for many inorganic semiconductors, for which experimentally exciton binding energies in the order of only tens of meV are measured, the same is not necessarily the case for polymers. For example, for poly(para-phenylene) (PPP), the vertical exciton binding energy (ignoring nuclear relaxation as a result of localizing a hole, electron or exciton on the polymer) is predicted to be ≈ 1200 meV in the middle of a polymer matrix and ≈ 170 meV on or near the interface with water (see Section 2 of the Supporting Information for more details). The difference between the exciton binding energies in the two scenarios arises from the fact that dielectric screening of free charges is larger in water ( ε r = 80.1) than in polymer ( ε r ≈ 2). Such exciton binding energy values are much larger than kT at room temperature (26 meV) suggesting that excitons do not spontaneously dissociate in these polymers. Going from the vertical to the adiabatic picture, where nuclear relaxation is taken into account, does not change this picture, except near the interface with water for materials made of very short oligomers, where calculations suggest that exciton dissociation might be spontaneous.
Aside from the case of "bulk" exciton dissociation discussed above, where both the free electron and free hole after dissociation remain in the same phase, though far apart, excitons can also dissociate on the interface between two phases. This could be on the interface between different solid phases, which together form the photocatalyst, as exploited in photocatalytic heterostructures, or on the interface between the photocatalyst and the aqueous solution. [ 40 ] In both cases, one of the free charge carriers remains in the phase where the exciton was originally generated, while the other gets transferred to the other phase, and in the case of exciton dissociation on the photocatalyst-solution interface, is subsequently consumed by a solution red-ox reaction (see Figure 2 ). For example, the free hole can be transferred to the solution and take part in the oxidation of water (half reaction ( 2) ) or a SED, while the free electron can remain on the photocatalyst, and subsequently reduce a proton (half reaction ( 1) ). From a conceptual point of view, this exciton dissociation at the photocatalystsolution interface is described by a combination of the photocatalyst potentials that involve the exciton (IP* and EA*, half reactions ( 6) and (5)) and the relevant solution red-ox potentials. If IP* is more negative than the potential of a solution red-ox reaction that accepts electrons (e.g., half reaction ( 1) ) or EA* more positive than the potential of a solution red-ox reaction that donates electrons (e.g., half reaction ( 2) ), exciton dissociation on the photocatalyst-solution interface will be spontaneous in terms of free energy. For many polymers/oligomers, for example melon (a linear polymer of heptazine units, see Figure 3 A) and PPP (see Figure 4 ) , this is the case for either pure water or the combination of water and a SED (methanol, triethylamine). The photocatalytic activity of such polymers can then be understood from a thermodynamic point of view as resulting from excitons dissociating at the polymer-solution interface, driving one of the solution half reactions, and generating free charge carriers in the process, to drive the other solution half reaction.
The importance of the polymerwater interface in exciton Figure 2 . Illustration of exciton dissociation at the surface of a polymer particle for the case where the hole of the exciton goes into solution, where it drives water oxidation, while the electron remains on the particle.
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www.mcp-journal.de dissociation suggests that a high surface area is a desirable property for a polymer photocatalyst to have and should result in better quantum effi ciencies than photocatalyst made of the same polymer but with reduced surface area. As such, photocatalysts based on conjugated microporous polymers [ 24 ] and covalent organic frameworks, [ 23, 41 ] with large internal surface areas because of their porosity, might be an attractive proposition.
Water Oxidation and Overall Water Splitting
As already touched upon in the introduction, many polymers can experimentally reduce protons and some can (also) oxidize water, but very few can perform overall photocatalytic water splitting. For example, pure carbon nitride, be it graphitic carbon nitride or melon, is know experimentally to reduce protons in the presence of a SED and oxidize water when a SEA is present, but not split pure water. [ 8 ] Oligomers of PPP and the PPP polymer [5] [6] [7] 29 ] in contrast, are only known to reduce protons. The question is whether the apparent inability to drive overall water splitting and/ or one of the two solution half reactions in the presence of a SED/SEA is inherent to the material in question, or dependent on the reaction conditions, the size and morphology of the material and/or the presence of cocatalysts. For the melem structures, the suffi xes F and H signify whether the relevant oligomers is fl at or helical respectively, while all data points shown, except for melem, are taken from ref. [ 34 ] . Figure 4 . (TD-)B3LYP predicted IP, EA, IP*, and EA* adiabatic potentials of the lowest energy conformers of oligomers of PPP, of lengths n = 1 to n = 12, in water ( ε = 80.1). All data points shown, except for benzene, are taken from ref. Focussing on PPP and carbon nitride as an example, a comparison of Figure 3 A,B (which shows the potentials for graphitic carbon nitride), and Figure 4 A, suggests that this difference might arise from the fact that the oxidative potentials (IP/EA*) of PPP oligomers, and of the PPP polymer by extrapolation, are much more negative than that of the carbon nitride materials. Specifi cally, our calculations predict that water oxidation is exergonic for the carbon nitride materials (in line with other more approximate band-structure-based calculations for graphitic carbon nitride [ 8, 42 ] ) but endergonic or borderline exergonic for PPP. Similarly, the driving force for methanol oxidation to formaldehyde is much larger in the case of the carbon nitride structures than for PPP, perhaps explaining why methanol can be used experimentally as a SED for carbon nitride, [ 20, 21, 26 ] but only results in negligible hydrogen evolution in the case of PPP. [ 5, 29 ] Finally, the driving force for triethylamine oxidation to diethylamine (DEA) and acetaldehyde is substantial for both sets of materials, explaining why it, in contrast to methanol, can be used as a SED for proton reduction with both carbon nitride materials [ 43 ] and PPP. [5] [6] [7] 29 ] The observations above suggest that the lack of experimental overall water splitting of pure carbon nitride is a kinetic issue, arising from the competition between four-hole water oxidation and electron-hole recombination. This is probably why combining carbon nitride in a heterostructure with an otherwise inert material (polypyrrole, [ 16 ] carbon nanodots [ 25 ] results in the combined material driving overall photocatalytic water splitting. The heterostructure separates electrons and holes, increases their lifetime and results in the solution half reactions being competitive with electron-hole recombination, even if the underlying details are still poorly understood. [ 34 ] Oxidation of SEDs is not only easier because of the more negative potentials associated with them but also because they typically require two rather than four holes. The issue with PPP, in contrast, appears inherent to the material and thermodynamic in origin, and as a result, it can only fi nd use in overall water splitting as part of a two-photon Z-scheme. [ 2, 4 ] 
Oligomers Versus Polymers
It is well known that the optical properties of oligomers such as the optical gap and fl uorescence energy evolve with chain length until converging to their polymer values in the long chain limit. It is perhaps then also not surprising that the same holds true for the polymer potentials. Figures 3 A  and 4 A show how the polymer potentials change with chain length for melon and PPP. For all systems, the gap between the reductive and oxidative potentials decreases with increasing chain length. This reduction is linked to the similar decrease in optical gap and fundamental gap (the optical gap plus the exciton binding energy, also referred to as band gap) with oligomer length, since in the vertical approximation the difference between IP and EA is by defi nition equal to the fundamental gap, and that between IP* and IP (and EA and EA*) to the optical gap (see Figure 5 ). For the same reason, both the driving force for reduction (EA/IP*) and oxidation (IP/EA*) generally decrease with oligomer length, i.e., the potentials shift to more positive and more negative values, respectively. The trends appear slightly more systematic for oligomers where the structures of the lowest energy conformers are similar, e.g., PPP, than where they change with oligomer length, e.g., melon, but they are present for every linear polymer we studied. This overall analysis is supported by limited experimental cyclic voltammetry data available in the literature for PPP [ 44 ] and melem [ 45 ] oligomers derivatized with bulky alkyl groups. It is thus apparent that generally, the thermodynamic driving force for both of the solution red-ox reaction decreases with chain length.
The reduction in thermodynamic driving force is, however, only one of the effects of increasing the chain length. For most polymers, including melon [ 34 ] and PPP, [ 44, [46] [47] [48] [49] the optical gap decreases with increasing chain length and thus in principle, a larger fraction of the spectrum of the light illuminating the polymer can be absorbed, and more photons converted into excitons (increased rates of photon absorption and exciton generation), subsequently generating more free charge carriers and ultimately more molecular hydrogen and oxygen. There might also be an effect of chain length on the lifetime of excitons (reduction in exciton loss rate) and free charge carriers (reduction in exciton recombination rate), although that is more diffi cult to explore computationally.
It is then interesting to compare our calculations on melon and PPP with experimental data for hydrogen evolution in these systems. For melon, Lau et al. [ 26 ] found that when separating the as-synthesized material in weight fractions by ultracentrifugation, the fractions containing predominantly short melon oligomers evolved more hydrogen from an aqueous methanol solution under visible illumination than the as-synthesized sample also containing longer oligomers on a weight for weight basis. More specifi cally, they found that the hydrogen evolution rate was smallest for the as as-synthesized sample, higher for the fraction containing predominantly trimers, and highest for the fraction containing predominantly dimers. However, melem, consisting of a single heptazine unit, evolves less hydrogen than all other samples under the same conditions. Based on the calculated potentials in Figure 3 A, the increase in hydrogen evolution with decreasing chain length can be explained by the increase in driving force for proton reduction. Alternatively, one could suppose that the amino (-NH 2 ) groups act as an active site for hydrogen evolution and that the increase in hydrogen evolution might somehow be (partially) linked to an increase in the amino-groupto-heptazine ratio with decreasing oligomer length. Melon is predicted to have an even bigger driving force (as well as a higher amino-groupto-heptazine ratio) than the melon oligomers but, while the dimer and trimer still absorb light in the visible spectrum (≈ 3.1 eV experimentally and ≈ 3.5 eV predicted by TD-B3LYP), the absorption onset of melem (≈ 3.7 eV experimentally and 4.1 eV predicted by TD-B3LYP) is shifted into the UV, meaning that only few visible photons will be absorbed and the rate of hydrogen evolution signifi cantly reduced. The dependence of the hydrogen evolution rate of melon oligomers on the chain length thus appears to correspond to the scenario discussed above. The nature of the material property that controls the photocatalytic activity changes with oligomer size, from the magnitude of the thermodynamic driving force, to the rate of photon absorption, resulting in a maximum in the hydrogen evolution rate.
In the case of PPP, Matsuoka et al. [ 7 ] found that the polymer evolves more hydrogen than any of the oligomers, from an aqueous solution containing both methanol and triethylamine illuminated with UV light (both in the presence of RuCl 3 or Ru nanoparticles as cocatalyst). Moreover, they also observed a nonsystematic trend with chain length for the PPP oligomers, where the trimer evolved more hydrogen than either the dimer or the longer oligomers. In more recent work by our collaborators at the University of Liverpool, [ 29 ] where a similar aqueous solution was illuminated with UV light but without the addition of a cocatalyst, it was also found that the PPP polymer evolves more hydrogen than the oligomers, but, in contrast to Matsuoka et al., a systematic trend between the amount of hydrogen evolved and chain length was also observed for the oligomers. These PPP results suggest that, at least under these reaction conditions, hydrogen evolution is not controlled by the thermodynamic driving force, which as can be seen in Figure 4 A is predicted to decrease with increasing chain length, but rather by the decrease in optical gap with increasing chain length. The fact that the PPP polymer evolves much more hydrogen than the oligomers in both cases, fi nally, strongly suggests that hydrogen evolution in the polymer is controlled by yet another factor, possibly an increased lifetime of free charge carriers.
Beyond linear polymers, similar relationships between the photocatalytic properties of polymers and their spatial extent in two or three dimensions are also expected to exist for network-like polymers, such as conjugated microporous polymers, covalent organic frameworks, and layered polymers. Indeed, Figure 3 B shows that for graphitic carbon nitride the potentials shift with increasing size of the nanofl ake.
Heteroatom Substitution
Besides changing the chain length, altering the chemical composition of a polymer provides an alternative pathway to tuning the photocatalytic properties of polymers. From the potentials in Figures 3 and 4 , for example, it is clear that carbon nitride in the long polymer limit has a substantially deeper IP/EA* than the purely hydrocarbon PPP and PFP materials. As previously mentioned, this can be linked to the experimental observation that carbon nitride can oxidize either water, as part of a heterostructure, or methanol, when on its own, while PPP can only oxidize the SED triethylamine, which is much easier to do from a thermodynamic perspective.
Calculation of the potentials of long oligomers of poly(2,7-pyrene) (PPyre) and poly(p-phenylene vinylene) (PPV), shown in Figure 6 , suggests that while purely hydrocarbon polymers will all have different potentials, none of their IP/EA* potentials will ever lie deep enough to oxidize water. In contrast, introduction of nitrogen heteroatoms, in analogy to carbon nitride, appears a promising strategy for shifting the IP/EA* potentials to more positive (deeper) values while maintaining suffi ciently negative (shallow) EA/IP* potentials to drive hydrogen evolution. The IP/ EA* potentials of poly(pyridine-2,5-diyl) (PPyri), [ 33 ] a nitrogen-substituted version of PPP with one nitrogen heteroatom per phenyl ring that experimentally has been shown to evolve hydrogen from an aqueous solution of triethylamine in the presence of Ru or Pd as cocatalyst, [ 9, 50 ] lie in Figure 6 between those of PPP and melon (in line with photoelectron spectroscopy data for PPP and PPyri [ 51 ] ). While the IP/EA* potentials of phenyl-triazine materials, be it phenyl-triazine oligomers [ 27 ] or covalent triazine-based frameworks (CTF-1), [ 28, 31, 52 ] both of which have been shown to evolve hydrogen from aqueous solutions of SEAs, [ 27, 28 ] are likely to be shifted to even more positive values than those of melon, based on the values calculated (see Figure 6 , as well as approximate band-structure-based calculations by Jiang et al. [ 53 ] ) for a 6-ring R6 [ 32 ] fragment of CTF-1 (see Figure S2 in the Supporting Information for the structure of this fragment). The latter is in line with the fact that CTF-1, just as carbon nitride, is reported to not only evolve hydrogen but also oxygen from a SED-containing solution. [ 28 ] Nitrogen-containing polymers are, however, no panacea. The IP/EA* potentials of polypyrrole (PPyrr) are even considerably shallower than the purely hydrocarbon polymers, suggesting it cannot even oxidize typical SEAs. The widely different effect of nitrogen probably depends on whether its incorporation give rise to an electron-rich π system, e.g., in the case of pyrrole, or an electron-poor π system, e.g., for pyridine and triazine.
The presence of heteroatoms also has other effects on the polymer properties relevant to photocatalysis. Some of these are easily probed by computational chemistry; e.g., the reduction of the optical gap (the optical gap of PPP-12 and PPyri-12 in vacuum are predicted to be 3.46 and 2.93 eV, respectively) and likely increase in photon absorption rate. Others, like changes in the rates of exciton dissociation and the kinetics of elementary reaction steps, as well the wettability of the polymer surface by water and thus the local water concentration near the surface in multi-component multiphase solutions (e.g., SED solutions or water + gas bubbles), are harder to study computationally.
Outlook
Above we discussed how the photocatalytic properties of polymers can be tuned by varying the spatial extent of polymers and/or changing its chemistry, where the incorporation of nitrogen appears to be an especially promising strategy. The only two polymer systems, as far as we are aware of, that can oxidize water in the presence of a SEA, carbon nitride and CTF-1, both contain aromatic rings with more than one nitrogen heteroatom per ring. We would also not be surprised if CTF-1 combined with a suitable other material in a heterostructure, would act as an overall water splitting photocatalyst, just as carbon nitride-carbon nanodot heterostructures. It is evident that this ability of nitrogen-containing polymers to oxidize water is directly linked to the deep IP/EA* potentials of these materials and the fact that water oxidation by these materials is thus exergonic.
The effect of changing a polymer's spatial extent appears more subtle and less clear cut. While tuning the chemical composition can turn a polymer that does not oxidize water into one that does, changing the spatial extent changes (only) the hydrogen evolution rate. Different materials display different trends with system size, e.g., for the linear polymers PPP and PFP, an increase of hydrogen evolution with chain length and a decrease in the case of melem. We believe these different trends are due to the fact that catalytic activity of a polymer is a sum of many contributions (e.g., exciton generation rate, rate of exciton dissociation, rate of electron-hole recombination, etc.) and that the nature of dominant contribution, which is the rate controlling step, will depend on the chemical composition of the polymer and the polymer's spatial extent, as well as the reaction conditions.
Taking into account the rather binary effect of changing the chemical composition and the fact that most known polymers have too shallow IP/EA* potentials for water oxidation, including most polymer originally developed for organic photovoltaics, we believe that there is a strong impetus for a combined computational and experimental effort to fi nd new (co-)polymers that can drive water oxidation. Such work, if successful, would not only significantly increase the numbers of polymers that can potentially catalyze the overall splitting of water, either alone or as part of a heterostructure, but also play to the strengths of the computational and experimental methods available to screen for such materials. The other area of polymer photocatalysis that we believe deserves special attention and could benefi t from a combined computational and experimental effort is the physics and chemistry that underlie the electron-hole separation in hetero structures and the origin of their activity for the overall splitting of water.
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